Hypertrophic cardiomyopathy (HCM) is an important cause of heart failure-related disability over a wide range of ages. Profiles of severe progressive heart failure symptoms and death, or heart transplantation deserve more complete definition within large patient cohorts.
diverse pathophysiological mechanisms.
1, 2 We have longitudinally assessed a large consecutive single-institution cohort of HCM patients, to derive insights into the profiles and pathophysiology of heart failure in this complex disease.
Methods

Patient selection
From January 1980 to November 2001, 293 consecutive patients with HCM were evaluated in Padua University HCM Center and were assessed for the occurrence and clinicopathological profile of progressive, severe heart failure. Median follow-up was 6 years (inter-quartile range 2 -11 years). Fifty-one patients with chest pain underwent coronary arteriography and 12 had obstructive coronary artery disease (CAD) (i.e. diameter stenosis .75% of ≥1 major epicardial coronary artery).
Echocardiography
Echocardiographic studies were performed with IREX System III, Hewlett-Packard 77020, and SONOS 1000, 2500, 5500 instruments. Maximal left ventricular (LV) wall thickness was the greatest dimension within the chamber. Left ventricular cavity and left atrial dimensions were obtained from M-mode echocardiograms, derived from twodimensional images. 5 Outflow obstruction at rest, due to mitral valve systolic anterior motion, was identified by peak instantaneous LV outflow gradient ≥30 mmHg. 6 Left ventricular ejection fraction was calculated from two-dimensional images with modified Simpson's formula or area-length method. 5 Parameters of LV filling were obtained with pulsed Doppler echocardiography: 7 peak flow velocity in early diastole (E) and during atrial contraction (A), and E/A ratio; deceleration time (DT) of early diastolic flow velocity (descent of E/F slope). 7 
Definitions
Hypertrophic cardiomyopathy was diagnosed by a hypertrophied nondilated LV, with absolute wall thickness ≥13 mm (or the equivalent corrected for body size in children), in the absence of another cardiac or systemic disease capable of producing the magnitude of hypertrophy evident, at some point in the clinical course.
1,2
Heart failure death was defined as progressive cardiac decompensation over ≥1 year before death or transplant, which frequently required hospitalization, particularly if complicated by pulmonary oedema. Severe progressive heart failure is defined as symptomatic evolution to New York Heart Association (NYHA) functional class III/IV, characterized by exertional dyspnoea (with or without chest pain), refractory to maximal medical management. Diastolic dysfunction causing symptoms of heart failure requires two conditions to be satisfied: (i) normal LV systolic function (ejection fraction .50%); and (ii) evidence of abnormal LV relaxation and distensibility as defined by pulsed Doppler echocardiography. 8, 9 Abnormal LV relaxation (mild or grade 1 diastolic dysfunction) was defined as a decrease in early diastolic flow velocity (reduced E-wave amplitude) associated with increase in atrial contraction (greater A-wave amplitude) with E/A ,1. Restrictive LV filling pattern was considered present in the setting of sinus rhythm and shortened DT , 150 ms and E/A . 2. 8 
Genetics
Mutation screening of exon 2 -40 of MYH7 gene, exon 1 -35 of MYBPC3 gene, and exon 1 -8 and exon 8 -16 of TNNI3 and TNNT2 genes, respectively, was performed in 18 of 50 patients with progressive heart failure. The method consisted of PCR amplification of each DNA segment, denaturing high-performance liquid chromatography and DNA sequencing of segments showing extra peaks. Novel mutations were surveyed for polymorphism in a large cohort of healthy controls (n ¼ 400).
Pathology
Gross examination addressed heart weight, LV wall thickness (i.e. exclusive papillary muscles and trabeculae), chamber dilatation (0 to 3+), coronary arterial anatomy, and scarring. Full-thickness tissue blocks were obtained from ventricular septum and LV free wall. Tissue specimens were embedded in paraffin, sectioned at 6 mm and stained with haematoxylin -eosin and azan-Heidenhein trichrome. Blocks were examined microscopically to assess myocyte disarray, interstitial and replacement fibrosis, and intramural small vessel disease. 10 -13 Fibrosis was defined as interstitial when myocytes were encircled by collagen matrix and replacement-type when myocytes were substituted by connective tissue. Disarray and fibrosis were graded 0 to 3+. 
Statistical analysis
Results
Advanced heart failure
Progressive heart failure leading to NYHA functional classes III and IV occurred in 50 of 293 study patients (17% ; Table 1 ). Among the remaining 243 patients who developed mild or no heart failure, 160 (66%) had NYHA I and 83 (34%) NYHA II. Incidence of advanced heart failure and death was 24/1000 HCM patient-years (95% confidence interval: 18 -32). Of the 50 patients, 10 died of heart failure and 8 underwent heart transplantation. Patients with advanced heart failure were 41 + 20 years old at HCM diagnosis and 48 + 19 years at HCM-related heart failure symptom onset (interval 7 + 9 years). Compared with other study patients, those with progressive heart failure were more commonly women and, more frequently, had atrial fibrillation (AF) and moderate-to-severe mitral regurgitation ( Table 1) . No statistically significant difference in CAD prevalence was found between patients in NYHA III -IV and those in NYHA I-II heart failure classes. Among the 51 patients who underwent coronary arteriography, 12 (24%) were ≤39 years old, 20 (39%) were 40 -59 years, and the remaining 19 (37%) ≥60 years; CAD was detectable only in the two older age groups, i.e. in 4 patients 40 -59 years of age and in 8 patients aged .60 years.
Profiles of heart failure
Three diverse profiles of severe heart failure were defined, based on the predominant pathophysiological disease component: (i) end-stage systolic dysfunction (n ¼ 15; 30%); (ii) LV outflow obstruction (n ¼ 11; 22%); and (iii) non-obstructive with preserved systolic function (n ¼ 24; 48%) ( Tables 2 and 3; Figures 1-5) .
End-stage systolic dysfunction
In 15 patients (30%), heart failure symptoms progressed due to the end-stage phase with systolic dysfunction (ejection fraction ,50%; mean 40 + 6%) 14 ( Tables 2 and 3 ). Age at diagnosis was 46 + 20 years with a 11 + 12-year interval between diagnosis and heart failure symptom onset. Left ventricular end-diastolic dimension at most recent follow-up was greatest in this subgroup (56 + 10 vs. 44 + 7 for others, P ¼ 0.001).
Of the 15 end-stage patients, 11 had AF, either at study entry (n ¼ 4) or during follow-up with progression of heart failure (n ¼ 7). Among the 15 patients, 3 died of heart failure (one with a prior renal embolic event (Patient #8), 3 were transplanted, and 1 is awaiting a donor heart.
Left ventricular outflow obstruction
Progressive heart failure was the consequence of outflow obstruction in 11 patients (22%). 15 Six of these 11 patients had the com- 
Continued
Profiles of heart failure in HCM (NYHA classes III -IV) due to outflow obstruction were present at entry in nine patients and developed during follow-up in two. Two patients underwent mitral valve replacement (associated with myectomy), resulting in reduction of outflow gradient, three refused surgery including one lost to follow-up and one who died of heart failure. Patients with outflow obstruction were older at diagnosis (50 + 14 years) and had greater LV wall thickness (25 + 5 mm) than other heart failure patients (39 + 20 years; P ¼ 0.06 and 21 + 5 mm; P ¼ 0.02).
Non-obstructive with preserved systolic function
The remaining 24 patients (48%) showed advanced heart failure without systolic dysfunction (ejection fraction ≥50%) or LV outflow obstruction. Diastolic dysfunction was commonly present in 17 patients at study entry and in all 13 for whom these data were available at last follow-up (Tables 2 and 3) .
Moreover, a restrictive filling pattern was present in 13 patients at entry and/or at last follow-up ( Table 3) .
Of the 24 patients in this subgroup, AF adversely impacted clinical course in 15 (62%), either recurrent and paroxysmal (n ¼ 3) or persistent and permanent (n ¼ 12) (Tables 2 and 3) . In AF patients, marked left atrial enlargement was present at study entry (53 + 12 mm) and increased 11 + 23 mm over follow-up. Initial left atrial dimension in this subgroup was greater than in patients with LV outflow obstruction (44 + 7 mm; P ¼ 0.04), but similar to that in end-stage patients.
Six patients died of heart failure, five were transplanted (one awaiting donor heart), and three experienced embolic stroke (#27, #30, and #33; Table 3 ). Of note, three patients were diagnosed at particularly young ages of ≤5 years, subsequently developed progressive heart failure due to diastolic dysfunction at sinus rhythm and two underwent heart transplantation at ages 9 and Profiles of heart failure in HCM 12 years (#43 and #42; Table 3 ). Compared with the other two heart failure profiles combined, patients who were non-obstructive with preserved systolic function became symptomatic earlier in life (40 + 21 vs. 56 + 11 years; P ¼ 0.002) and showed the most accelerated progression to advanced heart failure (NYHA classes III -IV at 44 + 23 vs. 57 + 15 years; P ¼ 0.01) and adverse outcome (41 + 21 vs. 63 + 9 years at death or transplant; P ¼ 0.02). Progression of heart failure was most delayed in patients with LV outflow obstruction and end-stage (Figure 1) .
Pathological features
Heart specimens from 12 patients were available for gross visual and histopathological examination, including 4 from autopsy and 8 from transplantation ( Table 4 and Figures 2-5) . Heart weights were similar among heart failure subgroups; P ¼ 0. 2. All end-stage patients showed LV chamber dilatation with diffuse, often transmural, fibrous replacement in ventricular septum and LV free wall (Figure 2) . In contrast, only isolated or patchy focal areas of scarring in the absence of LV chamber remodelling were present in four of the eight hearts with the nonobstructive and preserved systolic function clinical profile ( Figure 3) . Two gross morphological patterns were evident with diastolic dysfunction (in the absence of significant scarring): (i) small ventricles and mild hypertrophy (associated with restrictive physiology) ( Figure 4) ; and (ii) massive hypertrophy and particularly small ventricular cavities ( Figure 5 ).
Atria were available for inspection from five hearts, i.e. four nonobstructive with preserved systolic function and one end-stage (all with AF), including four at autopsy and one explanted. Each had left atrial enlargement, 45-90 mm by echocardiography, and contained a small (2-4 mm diameter) mobile and weakly attached thrombus within the intertrabecular spaces of the pectinate muscles of the left atrial appendage ( Figure 3E ). In each of these patients, the thrombus was unsuspected clinically, but had apparently embolized leading to stroke or renal infarct in three (#8, #27, and#33), all without anticoagulation. The remaining two patients with atrial thrombi (#31 and #39) were treated with prophylactic warfarin or aspirin and experienced no embolic events.
Histopathological features of HCM, such as myocyte disarray 10 and increased interstitial fibrosis, 13 were present in each of the 12 hearts; and abnormal intramural arterioles with thickened walls and narrowed lumen were evident in 8. 
Genetics
Disease-causing sarcomeric protein mutations were identified in 7 of 18 unrelated patients. b-Myosin heavy chain mutations were present in two non-obstructive with preserved systolic function and AF patients (#38 and #39) and one with obstruction (#16). Myosin-binding protein C mutations were present in one patient with end-stage systolic dysfunction (#11) and one non-obstructive with preserved systolic function, diastolic dysfunction, and massive LV hypertrophy in normal sinus rhythm (without restrictive physiology) (#42). Troponin I mutation was present in a patient with predominant diastolic dysfunction and restrictive physiology (#45) in the setting of non-obstructive with preserved systolic function; troponin T was identified in one end-stage patient (#5).
Discussion
Despite the substantial information available regarding the pathophysiology and natural history of HCM, certain aspects of this heterogeneous disease remain incompletely understood. 2 Although the risks of sudden cardiac death have generally dominated the HCM literature, 3, 4, 16 progressive disability and heart failure is also an important complication of the disease. 2 In the Padua tertiary HCM Center, 17% of patients enrolled in this study developed advanced heart failure. These patients were predominantly women (i.e. 54%), consistent with a prior report. 17 Furthermore, we found heart failure symptoms progressed along three predominant pathways, i.e. LV systolic dysfunction, outflow obstruction, and the absence of obstruction with preserved systolic function.
It should be underscored that we assigned individual patients to one of these three categories based on the predominant disease variable, that is, that regarded clinically to be most responsible for heart failure. Since HCM is a heterogeneous disease entity, often with multiple pathophysiological components operating, 2 it is an unrealistic aspiration to assemble pure clinical profiles limited to single predictors of heart failure. Therefore, ultimately the designation of a predominant pathway for those HCM patients Profiles of heart failure in HCM with mixed profiles was necessarily based on the clinical judgement of the investigators, taking into account the available data and personal knowledge of the individual patient. About 30% of our patients with severe heart failure had systolic dysfunction (ejection fraction ,50%), designated as the 'end-stage' phase.
14 This evolution, with or without LV chamber remodelling, 14, 18, 19 has been reported in 3-5% of HCM cohorts. 14, 18 Endstage progression in our patients was generally slow, unpredictable, and frequently associated with AF. 14, 20 On average, 11 years elapsed between HCM diagnosis and onset of heart failure symptoms, but only 4 additional years until death or heart transplantation. We analysed four hearts from these end-stage patients and found LV chamber dilatation and wall thinning due to extensive replacement fibrosis involving both ventricular septum and free wall. 14 In such HCM patients, recurrent and silent myocardial ischaemia may lead to extensive myocardial scarring and loss of contractile function, associated with LV chamber remodelling. 11, 14 Severe heart failure was due largely to LV outflow obstruction in 20% of our cases. This observation is consistent with larger cohort studies in which obstruction proved to be a strong determinant of progressive heart failure and death. 15 Notably, of the 11 patients in this subgroup, 6 also had AF, a combination of abnormalities which are particularly adverse in HCM. 20 In many cases (nearly 50%), heart failure occurred in the clinical setting of non-obstructive disease with preserved systolic function, either with or without AF, presenting a particularly malignant prognosis. In fact, when compared with the other two progressive heart failure subgroups, these non-obstructive patients became symptomatic and experienced advanced heart failure and adverse outcome earlier. Non-obstructive patients in sinus rhythm deteriorated to NYHA classes III-IV associated with diastolic dysfunction (with or without restrictive LV filling patterns physiology) or AF. 21 -23 Phenotypic expression in this latter restrictive subgroup consisted of small ventricular cavities, markedly enlarged atria and mild LV hypertrophy (with restrictive LV filling pattern), or alternatively with massive LV hypertrophy and diminutive ventricular cavities. Noteworthy, in two-thirds of the study patients, AF contributed to a variety of adverse clinical profiles, 20, 24 proving be the single Figure 4 Non-obstructive hypertrophic cardiomyopathy with preserved systolic function. Restrictive form of heart failure due to diastolic dysfunction in sinus rhythm. A 28-year-old woman with troponin I mutation [#45 (Table 3) ; #12 (Table 4) most important factor in heart failure evolution overall. There have been few pathological studies reported in patients with HCM and AF. We identified mobile thrombi in the left atrial appendage of five AF patients in whom the gross heart could be examined (including three with peripheral embolization in the absence of therapeutic anticoagulation). 25 These thrombi were unrecognized by transthoracic echocardiography in each case. Such observations underscore the value of transoesophageal echocardiography in patients with HCM and AF. Genetic screening was feasible only in a small proportion of our cohort patients (about one-third), prohibiting definitive genotypephenotype correlations. However, our data do underscore that heart failure in HCM is associated with heterogeneous genetic substrates. Seventy per cent of the gene-positive patients identified had a variety of mutations in either the b-myosin heavy chain or myosin-binding protein C genes, the predominant disease-causing mutant genes in any HCM population. 26 The remaining patients had either troponin T or I mutations. Since such sarcomere protein mutations can cause both HCM and dilated cardiomyopathy, 27 the present findings in HCM with systolic dysfunction suggest a final common pathway for these two primary myocardial diseases.
In conclusion, we have distinguished three diverse pathways of progressive heart failure in a large HCM referral cohort. Atrial fibrillation was the most common pathophysiological variable associated with progressive heart failure. Extensive transmural myocardial scarring influences progression to end-stage systolic dysfunction. However, no consistent relationship was evident between genetic substrate and heart failure profile, underscoring the broad heterogeneity of HCM from both molecular and clinical perspectives. Recognition of the diverse pathophysiology underlying progressive heart failure in HCM offers a measure of clarity to the selection of targeted management strategies, e.g. antiarrhythmic and other drug therapies (or radiofrequency ablation) for AF; surgical myectomy (or, selectively, alcohol ablation) for LV outflow obstruction, or timely heart transplantation for endstage systolic or refractory diastolic dysfunction in the absence of LV outflow obstruction. Profiles of heart failure in HCM Funding
